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Highlights 
 La0.6Sr0.4CoO3 hollow fibers with distinct macrostructures were characterized.  
 Ruddlesden-Popper oxide (La,Sr)2CoO4 was applied as surface decoration. 
 Oxygen flux was enhanced by up to 47-fold by macrostructure modification. 
 Oxygen flux was enhanced by up to 25-fold by surface decoration. 
 The decorated La0.6Sr0.4CoO3 hollow fiber showed stable flux for 160 hours. 
 
 
Abstract 
Oxygen-selective perovskite hollow fiber membrane can be used to obtain an effective oxygen 
separation from air at high temperature (above 700 oC) for large scale application. Here, we display 
that oxygen permeation fluxes of La0.6Sr0.4CoO3 (LSC113) hollow fiber membrane was enhanced by 
macrostructure modification and surface decoration by (La,Sr)2CoO4 (LSC214). By changing the cross-
section macrostructure from sandwich structure (for LSC-a fiber) to asymmetric structure (for LSC-b 
fiber), the oxygen flux was improved by up to 3.6-fold. Applying porous LSC214 decoration on LSC113 
furthermore enhanced the oxygen fluxes for LSC-a and LSC-b, by up to 6.8-fold and 1.9-fold, 
respectively. 
 
Keywords: Decoration; Heterointerface; Hollow fiber; Membrane; Oxygen permeation 
 
Symbols used 
E   [kJ mol-1]  Activation energy 
1/T   [K-1]   Temperature (conversion) 
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ln(JO2)  [ mol s
-1 cm-2] Oxygen permeation flux (conversion) 
 
Abbreviations 
MIEC  Mixed (oxygen) ionic-electronic conducting 
LSC113  La0.6Sr0.4CoO3 
LSC214  (La,Sr)2CoO4  
LSC–a  Hollow fiber with sandwich structure 
LSC–b  Hollow fiber with asymmetric structure 
XRD  X-ray diffraction  
SEM  Scanning electron microscopy  
TEM  Transmission electron microscopy  
HRTEM High-resolution transmission electron microscopy 
PESf  Polyethersulfone  
NMP  1-methyl-2-pyrrolidinone  
TCD  Thermal conductivity detector 
TEC  Thermal expansion coefficient  
 
 
1. Introduction 
Oxygen is one of the most important chemicals due to its usage in almost all major clean energy 
technologies, such as carbon capture and storage (Zhu et al., 2012), solid oxide fuel cells (Shao and 
Haile, 2004), oxidative steam reforming (Wang et al., 2016), and partial oxidation of hydrocarbons to 
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high value-added chemicals (Othman et al., 2014). Industrial production of high purity oxygen at 
present however still relies on cryogenic distillation, a 100-year-old energy intensive technique (Schulz 
et al., 2012; Zhang et al., 2015). Therefore, a low cost and more energy efficient technique is urgently 
required to replace this conventional technology. 
High temperature (above 700 oC) oxygen separation using dense ceramic membranes made from 
mixed (oxygen) ionic-electronic conducting (MIEC) materials has attracted significant interest given 
its advantages over the conventional cryogenic distillation, namely the absolute (100 %) oxygen 
selectivity and the simplified operation mode (Zhang et al., 2012; Zhang et al., 2017; Liu et al., 2013; 
Sunarso et al., 2008). Although this technology has matured to a small pilot plant scale stage (Tan et 
al., 2010) , its large scale application cannot manifest until MIEC materials that have both high oxygen 
permeability and high structure stability under operating conditions can be obtained with low cost. 
Among numerous MIEC materials, ABO3-type perovskite oxides have become the focus of studies 
due to their high oxygen permeabilities and in some cases, high stabilities (Wang et al., 2015; 
Schlehuber et al., 2010). Ruddlesden-Popper oxides have also attracted attention because of their stable 
structures and their fast and anisotropic oxygen transport pathways in certain directions (Wei et al., 
2011; Han et al., 2016). For oxygen separation application, these two materials have mostly been 
developed into disk and hollow fiber membranes (Wei et al., 2011; Han et al., 2016; Luo et al., 2011). 
Unlike disk membrane, which has been utilized only in laboratory studies, hollow fiber membrane is 
more attractive for industrial applications given its very thin transport layer and large permeation area 
per unit volume (Sunarso et al., 2008; Tan et al., 2010). These features together with the different ends 
sealing options have favored the packing and utilization of hollow fibers within the membrane module 
(Wang et al., 2016; Han et al., 2016). 
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Oxygen permeation through dense MIEC membrane essentially involves two major steps, i.e., 
oxygen bulk-diffusion (through the bulk membrane phase) and oxygen surface exchange reaction (on 
the feed and permeate sides), each of which can become the rate limiting step if it is the slowest step 
(Sunarso et al., 2008). For thick membranes, the bulk-diffusion step generally limits the oxygen 
permeation rate. As the membrane thickness decreases, the surface exchange reaction role becomes 
more dominant. In hollow fiber membrane case, the cross-section macrostructure may have major 
influence to its oxygen permeation rate (Zydorczak et al., 2010). Almost in all cases, however, hollow 
fiber membrane features sub-micron transport thickness, so that its bulk-diffusion limitation is 
overcome (Sunarso et al., 2008; Han et al., 2015). As a result, surface exchange reaction becomes the 
rate limiting step for permeation through hollow fiber (Han et al., 2016; Zhang et al., 2015). To enhance 
the permeation rate further, surface modification approach can be performed such as the surface 
roughening achievable via acid etching (Yang et al., 2017) or methane activation (Liu et al., 2009) and 
the deposition of porous metal oxide layer or active noble metal(s) or transition metal(s) on the surface 
(Han et al., 2015; Zhang et al., 2015; Na et al., 2017). 
Sase et al. previously reported the accidental formation of perovskite oxide/Ruddlesden-Popper 
oxide heterophase interfaces of La0.6Sr0.4CoO3/(La,Sr)2CoO4 (LSC113/LSC214) at the surface of 1400 
oC sintered La0.6Sr0.4CoO3 disk (Sase et al., 2008). Their secondary ion mass spectrometry results 
indicate the presence of fast oxygen incorporation paths (or the enhanced oxygen surface exchange 
kinetics) on the surface of these heterointerfaces (Sase et al., 2008). This phenomenon has since 
encouraged many more studies that reveal the potential role of dissimilar interfaces to enhance the 
surface oxygen exchange kinetics (Han and Yildiz, 2012). Using coherent Bragg rod analysis and 
density functional theory, Shao-Horn and co-workers attributed such enhanced oxygen exchange 
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behavior to the beneficial Sr segregation at LSC113/LSC214 interface and LSC214 surface due to the 
large driving force for Sr interdiffusion across such heterointerface (Feng et al., 2014; Feng et al., 2013; 
Gadre et al., 2012). They also reported the better retainment of the surface exchange activity with 
increasing annealing time on LSC214 deposited LSC113 relative to the non-deposited LSC113 sample. 
Such effect is enabled by the higher structure stability imparted by LSC214 so that the formation of Sr 
enrichment secondary particles on LSC113 surface is suppressed (Lee et al., 2015). It is worth noting 
that different from Sr enrichment, Sr segregration here is defined as Sr redistribution in the crystal 
lattice near the surface, accopanying the formation of secondary phases (Feng et al., 2016). Whereas 
Sr enrichment leads to phase instability and surface oxygen exchange degradation, Sr segregation at 
LSC113/LSC214 interface elevates the O p-band center with respect to the Fermi level and enhances the 
surface oxygen exchange kinetics (Feng et al., 2016). 
In this paper, the synthesis and characterization of two La0.6Sr0.4CoO3 (LSC113) hollow fiber 
membranes with distinct cross-section macrostructures are reported. The first hollow fiber exhibits 
sandwich structure where fingers (or macrovoids) are present on shell and lumen sides (Fig. 1(a)); 
denoted as LSC-a. The second hollow fiber, on the other hand, features asymmetric structure where 
only one finger (macrovoid) is present, which extends from the center of the fiber to the lumen side 
(Fig. 1(b)); denoted as LSC-b. The former has three dense layers and two isolated macrovoids sections 
whereas the latter has only one dense layer and one macrovoid section. These different macrostructures 
are anticipated to provide different oxygen permeation fluxes. It is also of interest to check the 
applicability of enhanced oxygen surface exchange kinetics on LSC113/LSC214 heterointerface 
discussed above to oxygen permeation. To this end, the effect of depositing porous (La,Sr)2CoO4 layer 
on the permeate side surfaces of these two LSC113 hollow fiber membranes to the oxygen permeation 
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fluxes was evaluated. 
 
 
    (a) Sandwich structure       (b) Asymmetric structure 
Fig. 1. Schematic illustration of two hollow fibers with different cross-section macrostructures 
(Surface reaction sites are marked with red spots). 
 
2. Experimental section 
2.1. Powders and hollow fibers syntheses 
La0.6Sr0.4CoO3-δ (LSC113) perovskite powder and (La0.5Sr0.5)2CoO4+δ (LSC214) Ruddlesden-Popper 
powders were synthesized via a combined citric acid-ethylene glycol complexing method, i.e., Pechini 
sol-gel route (Tan et al., 2010). Two LSC113 hollow fiber membrane precursors with different cross-
section macrostructures were prepared using previously milled 800 oC calcined LSC113 powder, by 
varying the viscosity of the spinning mixture, via the combined phase inversion-sintering; the details 
of which are given in the Supporting Information. Both precursors were sintered at 1400 oC for 4 hours. 
The first hollow fiber, which has the final macrostructure shown in Fig. 1(a) is denoted as LSC-a. The 
second hollow fiber, which has the final macrostructure displayed in Fig. 1(b) is denoted as LSC-b. 
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2.2. Surface coating of hollow fiber 
Dip coating was used to deposit LSC214 decoration layer (from the 1000 
oC calcined LSC214 powder) 
on the surface of the 1400 oC sintered LSC113 hollow fiber. The thickness of the LSC214 decoration 
layer was adjusted by varying the weight loading of the LSC214 powder in the coating slurry (Table 
S1 in the Supporting Information) or by adding extra dipping step(s). 
 
2.3. Oxygen permeation measurement 
Nitrogen permeation test was used to evaluate the gas tightness of LSC113 hollow fibers as detailed 
elsewhere (Tan et al., 2005). Oxygen permeation fluxes of the original and decorated LSC113 hollow 
fibers were quantified using the custom-made permeation test module with the design schematically 
illustrated in Fig. S1 in the Supporting Information. Air was fed into the shell side of the test module 
while helium was passed through the hollow fiber lumen side to collect the permeated oxygen (Tan et 
al., 2016). The composition of the permeate gas stream was analyzed using a gas chromatograph 
(Agilent 6890N) equipped with a 5 Å molecular sieve column (3 mm in diameter and 3 m in length) 
and a thermal conductivity detector (TCD). The oxygen permeation flux formula is given in the 
previous work (Han et al., 2015). 
 
2.4. Characterization 
Crystal structure of LSC113 hollow fiber and LSC214 powder were determined by powder X-ray 
diffraction (XRD, Bruker D8 Advance) using a Cu-Kα radiation. Continuous scan mode was used to 
collect patterns within 2θ range of 20° to 80° using a step size of 0.02o and a step time of 0.1 s. The X-
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ray tube potential and current were set at 40 kV and 30 mA, respectively. The morphology of the 
original and decorated LSC113 hollow fibers were probed by scanning electron microscopy (SEM, FEI 
Sirion 200). Gold sputtering was performed on the surface of the SEM samples before SEM experiment. 
Crystal structure of LSC113 hollow fiber and LSC214 powder were also probed by transmission electron 
microscopy (TEM, Tecnai G2TF20 S-Twin). Thermal expansion behaviors of LSC113 and LSC214 
powders were probed using dilatometry (DIL, 402C, Netzsch, Germany) with a heating rate of 5 oC 
min-1 from room temperature to 1400 oC. LSC113 and LSC214 powders were pressed into rectangular 
bars prior to the dilatometry tests. 
 
3. Results and discussion 
3.1. Hollow fiber morphology 
Fig. 2 displays the scanning electron microscopy (SEM) images of the 1400 oC sintered La0.6Sr0.4CoO3-
δ (LSC113) hollow fibers and a typical LSC214-decorated LSC113 hollow fiber (i.e., the LSC214-decorated 
LSC-a hollow fiber). The three first images in the left panel ((a), (c), and (e)) depict the cross-section, 
the outer circumference surface, and the inner circumference surface, respectively, of the 1400 oC 
sintered LSC113 hollow fiber with sandwich structure (LSC-a shown in Fig. 1(a)) whereas the three 
first images in the right panel ((b), (d), and (f)) depict the cross-section, the outer circumference 
surface, and the inner circumference surface, respectively, of the 1400 oC sintered LSC113 hollow fiber 
with asymmetric structure (LSC-b shown in Fig. 1(b)). The last two images in the bottom panel ((g) 
and (h)), on the other hand, display the cross section and the outer circumference, respectively, of the 
LSC214-decorated LSC-a hollow fiber. LSC-a and LSC-b clearly have distinct cross-section 
macrostructures that are consistent with their schematic illustrations in Fig. 1(a) and Fig. 1(b), 
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respectively. 
The polymeric-based perovskite hollow fiber membrane precursor was formed by spinning a 
polymer solution within the coagulant, i.e., water (Han et al., 2016; Han et al., 2015). Due to the 
binding capability of polyethersulfone (PESf), a large amount of water-insoluble inorganic perovskite 
powder can be homogeneously incorporated within the polymer solution to form a spinning dope from 
which the hollow fiber precursor was produced (Han et al., 2016; Yang et al., 2017). Here, such 
precursors were made by mixing LSC113 powder and a polymer solution of PESf and 1-methyl-2-
pyrrolidinone (NMP) (Han et al., 2016). The first mixture used to produce LSC-a had a final viscosity 
of 12,100 mPa·s while the second mixture used to produce LSC-b had a final viscosity of 25,100 
mPa·s. Following the sintering process at 1400 oC, the different macrostructures shown in their final 
hollow fiber form (Fig. 1(a) and (b)) arose from the different solvent to non-solvent exchange rate 
during the phase inversion process when the polymer solution contacted the coagulant due to the large 
difference in the spinning dopes’ viscosities. When the viscosity of the spinning dope is low, the solvent 
to non-solvent exchange rate on the inner circumference surface is quite similar to that of the outer 
circumference surface, which gives rise to the analogous macrostructure in the inner and outer cross-
sections (Fig. 1(a)). Such sandwich structure is essentially a result of the rapid precipitation at the 
inner and outer cross-sections and the slow precipitation at the center section. In highly viscous 
spinning dope case however, the solvent to non-solvent exchange rate on the inner circumference 
surface is suppressed, thus leading to the formation of longer and larger pores in the inner cross-section 
(Fig. 1(b)). Although numerous macropores are observed on the outer cross-sections of both LSC-a 
and LSC-b hollow fibers (Fig. 1(a) and (b)), these pores are isolated as indicated by the dense outer 
circumference surfaces of both fibers, where we can clearly see the polycrystalline grains (Fig. 2(c) 
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and (d)). Unlike in LSC-a case, which had dense inner circumference surface (Fig. 2(e)), LSC-b 
hollow fiber exhibited porous inner circumference surface, which suggests the continuity of pores from 
the inner surface to the fiber inner cross-section (Fig. 2(f)). This is also supported by the higher oxygen 
permeation fluxes of LSC-b compared to LSC-a, which will be discussed later. 
To overcome the oxygen surface exchange reaction limitation of LSC-a and LSC-b hollow fibers, 
we also deposited a single LSC214 porous layer on the outer circumference surface of these fibers by 
dip coating and an additional calcination step. As a representative example, the LSC214-decorated 
LSC-a hollow fiber had approximately 10 mm-thick porous LSC214 layer (Fig. 2(g)). Numerous sub-
micron pores are observed on the outer circumference surface of the LSC214-decorated LSC-a hollow 
fiber (Fig. 2(h)). The presence of such porous layer on top of the dense surface of LSC113 is anticipated 
to increase the amount of the triple phase boundaries, i.e., the interfaces between the oxygen gases, 
oxygen ions, and electrons, which is crucial to enhance the surface exchange reaction rate (Han and 
Yildiz, 2012; Mutoro et al., 2011). 
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Fig. 2. Scanning electron microscopy images of the 1400 oC sintered La0.6Sr0.4CoO3-δ (LSC113) hollow 
fibers and the LSC214-decorated LSC-a hollow fiber; (Left – (a), (c), and (e)) – The 1400 oC sintered 
LSC113 hollow fiber with sandwich structure (LSC-a shown in Fig. 1(a)) and (Right – (b), (d), and (f)) 
– The 1400 oC sintered LSC113 hollow fiber with asymmetric structure (LSC-b shown in Fig. 1(b)); (a) 
and (b) show the cross-section; (c) and (d) show the outer circumference surface; (e) and (f) show 
the inner circumference surface; (g) The cross section of the LSC214-decorated LSC-a hollow fiber; 
and (h) The outer circumference surface of the LSC214-decorated LSC-a hollow fiber. 
 
3.2. Phase structure 
Fig. 3(a) shows the powder X-ray diffraction (XRD) patterns of the 800 oC calcined LSC113 powder, 
the 1400 oC sintered LSC113 hollow fiber with asymmetric structure (LSC-b shown in Fig. 1(b)), and 
the LSC-b hollow fiber following 160-hour length oxygen permation test (which will be discussed 
later). For powder XRD experiments, the latter two hollow fibers were ground into powders. The peaks 
of the 800 oC calcined LSC113 powder can be indexed according to the characteristic peaks of the 
rhombohedral perovskite phase with space group of R-3c (#167) (JCPDS PDF# 87-1081) and lattice 
parameters of a = b = 5.3742 Å and c = 6.5375 Å. Relative to the 800 oC calcined powder, the 
characteristic peaks of the 1400 oC sintered hollow fibers are stronger, which indicates higher 
crystallinity after sintering. Fig. 3(b), on the other hand, displays the powder XRD pattern of the 1000 
oC calcined LSC214 powder, which shows a mixture of characterictic peaks from the orthorhombic 
phase with space group of Fmmm (#69) and the tetragonal phase with space group of I4/mmm (#139). 
The stick patterns of the orthorhombic La2CoO4 (JCPDS PDF# 72-0937) and the tetragonal La2CoO4 
(JCPDS PDF# 34-1296) are also included as baseline references. 
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High-resolution transmission electron microscopy (HRTEM) images of the 1400 oC sintered 
LSC113 hollow fiber powder and the 1000 
oC calcined LSC214 powder are displayed in Fig. 4(a) and 
(b), respectively. The lattice fringes of 0.190 nm and 0.217 nm for LSC113, observed in Fig. 4(a) 
represent the (024) and (202) planes, respectively, of the rhombohedral LSC113 perovskite phase. In 
LSC214 case, the lattice fringes of 0.157 nm, 0.211 nm, and 0.264 nm come from the (313), (204), and 
(200) planes, respectively, of the orthorhombic La2CoO4. The details of the distances calculations of 
the lattice fringes are given in Fig. S2 in the Supporting Information. 
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Fig. 3. (a) Powder X-ray diffraction (XRD) patterns of the 800 oC calcined La0.6Sr0.4CoO3-δ (LSC113) 
powder, the 1400 oC sintered LSC113 hollow fiber with asymmetric structure (LSC-b shown in Fig. 
1(b)), and the LSC-b hollow fiber following 160-hour length oxygen permation test; and (b) Powder 
XRD pattern of the 1000 oC calcined (La0.5Sr0.5)2CoO4+δ (LSC214) powder and the stick patterns of the 
orthorhombic La2CoO4 (JCPDS PDF# 72-0937) and the tetragonal La2CoO4 (JCPDS PDF# 34-1296). 
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Fig. 4. High resolution transmission electron microscopy (HRTEM) images of (a) the 1400 oC sintered 
La0.6Sr0.4CoO3-δ (LSC113) hollow fiber powder with 2 lattice fringes patterns and (b) the 1000 
oC 
calcined (La0.5Sr0.5)2CoO4+δ (LSC214) powder with 3 lattice fringes patterns. 
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3.3. Thermal shrinkage behavior 
The thermal shrinkage behaviors (∆L/L0) of the 800 oC calcined and compacted LSC113 bar sample 
and the 1000 oC calcined and compacted LSC214 bar sample were evaluated by dilatometry at a heating 
rate of 5 oC min-1; the results of which are shown in Fig. 5(a). After sintering of up to 1400 oC, the 
LSC113 bar and the LSC214 bar shrank by 15.86% and 14.81%, respectively (Fig. 5(a)), which are quite 
close to each other. The thermal expansion behaviors of the 1400 oC sintered LSC113 and LSC214 bar 
samples were then assessed by dilatometry at the same rate upon heating from room temperature to 
900 oC. The thermal shrinkage behaviors of these two sintered samples are displayed in Fig. 5(b). The 
resultant thermal expansion coefficients (TECs) of the 1400 oC sintered LSC113 and LSC214 bar samples 
are 16.28∙10-6 K-1 and 15.86∙10-6 K-1, respectively. Their almost identical values indicate their thermo-
mechanical compatibility, which ensures the mechanical integrity of the LSC113|LSC214 interface 
during the thermal cycling of up to 900 oC. Fig. 5(c) furthermore shows the respective shrinkage rate 
with respect to the temperature rise. The 1400 oC sintered LSC113 bar exhibited 4 different shrinkage 
stages, i.e., between room temperature and 250 oC, between 250 oC and 450 oC, between 450 oC and 
800 oC, and between 800 oC and 900 oC (Fig. 5(c)). The 1400 oC sintered LSC214 bar, on the other 
hand, presented also 4 different shrinkage stages, i.e., between room temperature and 250 oC, between 
250 oC and 650 oC, between 650 oC and 750 oC, and between 750 oC and 900 oC (Fig. 5(c)). It is clear 
that, relative to the LSC113 bar, the LSC214 bar always provided lower shrinkage rate between room 
temperature and 900 oC (Fig. 5(c)). 
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Fig. 5. (a) Thermal expansion profiles of the 800 oC calcined and compacted LSC113 bar sample and 
the 1000 oC calcined and compacted LSC214 bar sample from dilatometry at a heating rate of 5 
oC min-
1; (b) Thermal expansion profiles of the 1400 oC sintered LSC113 and LSC214 bar samples from 
dilatometry at a heating rate of 5 oC min-1; and (c) The respective thermal shrinkage rate with respect 
to the temperature for the 1400 oC sintered LSC113 and LSC214 bar samples. 
 
3.4. Oxygen permeation performance 
The oxygen permeation fluxes of LSC-a and LSC-b hollow fibers as functions of helium sweep gas 
flow rate between 700 oC and 900 oC are shown in Fig. 6(a) and (b). Between these temperatures, at 
any sweep gas flow rate, LSC-b hollow fiber displayed significantly higher oxygen fluxes relative to 
LSC-a hollow fiber. Temperature rise led to an increase in oxygen fluxes. For example, at 100 mL 
min-1 helium sweep gas flow rate, the increase of temperature from 750 oC to 950 oC translated to an 
increase of flux from 0.006 mL min-1 cm-2 to 0.419 mL min-1 cm-2 for LSC-a hollow fiber and an 
increase of flux from 0.279 mL min-1 cm-2 to 1.525 mL min-1 cm-2 for LSC-b hollow fiber (Fig. 6(a) 
and (b)). This is due to the enhanced oxygen bulk-diffusion rate and oxygen surface exchange reaction 
rate at higher temperature (Han et al., 2016; Wang et al., 2013). Likewise, an increase in helium sweep 
gas flow rate also brought an increase in oxygen flux. At 900 oC, for example, an increase of sweep 
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gas flow rate from 20 mL min-1 to 100 mL min-1 manifested into an increase of flux from 0.239 mL 
min-1 cm-2 to 0.419 mL min-1 cm-2 for LSC-a hollow fiber and an increase of flux from 0.367 mL min-
1 cm-2 to 1.525 mL min-1 cm-2 for LSC-b hollow fiber (Fig. 6(a) and (b)). Higher sweep gas flow rate 
in the permeate side leads to the lowering of oxygen partial pressure in the permeate side, which 
effectively translates to an increase in the oxygen partial pressure difference between the feed side and 
the permeate side (Sunarso et al., 2008; Han et al., 2016). 
The significant enhancement in the oxygen permeation fluxes of LSC-b hollow fiber relative to 
those of LSC-a hollow fiber is associated with the larger amount of oxygen transport resistive sections 
for the latter. In LSC-a hollow fiber case, from the outer surface to the inner surface, oxygen has to 
permeate through 3 bulk-membrane sections and 2 isolated macropore sections. The isolated 
macropore section generally provides the highest resistance to the oxygen permeation (Sunarso et al., 
2008; Han et al., 2015). In LSC-b hollow fiber case, in contrast, there is only 1 bulk membrane section 
followed by macropore section that is connected to the permeate side. This highlights the key role of 
hollow fiber macrostructure towards oxygen fluxes. 
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Fig. 6. Oxygen permeation fluxes of (a) LSC-a hollow fiber membrane; and (b) LSC-b hollow fiber 
membrane as functions of helium sweep gas flow rate between 700 oC and 900 oC. The air feed flow 
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rate was maintained constant at 100 mL min-1. 
 
Fig. 7(a) and (b) display the oxygen permeation fluxes of the LSC214-decorated LSC-a and the 
LSC214-decorated LSC-b hollow fibers as functions of helium sweep gas flow rate between 700 
oC 
and 900 oC. The highest oxygen flux of 2.851 mL min-1 cm-2 was obtained at 900 oC and 100 mL min-
1 helium sweep gas flow rate for the LSC214-decorated LSC-b hollow fiber. This is 1.9 times that of 
the LSC-b hollow fiber (1.525 mL min-1 cm-2) and 6.8 times that of the LSC-a hollow fiber (0.419 
mL min-1 cm-2) at the same conditions. The presence of porous LSC214 decoration on the surface of the 
LSC113 clearly led to a further enhancement in oxygen permeation fluxes. An oxygen flux of 1 mL 
min-1 cm-2 is regarded as the minimum standard requirement for oxygen ionic transport membrane in 
practical application (Steele, 1992). LSC-b hollow fiber performed above the requirement only at 900 
oC and above for an oxygen partial pressure in the permeate side that corresponds to 60 mL min-1 of 
sweep gas flow rate and lower (Fig. 6(b)). The presence of LSC214 decoration on LSC-b hollow fiber 
however allowed the lowering of the temperature down to 800 oC and also the increase of an oxygen 
partial pressure up to the value that corresponds to 40 mL min-1 of sweep gas flow rate. The 
enhancement effect of LSC214 surface decoration on the oxygen permeation fluxes of LSC113 hollow 
fiber membranes are compared with the other surface decoration and substrate combinations (Table 
1). 
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Fig. 7. Oxygen permeation fluxes of (a) the LSC214-decorated LSC-a hollow fiber; and (b) the LSC214-
decorated LSC-b hollow fiber as functions of helium sweep gas flow rate between 700 oC and 900 oC. 
The air feed flow rate was maintained constant at 100 mL min-1. 
 
Table. 1. Comparison of oxygen permeation fluxes enhancement reported in literature and this work 
Membrane  Decoration 
layer 
Temperature 
( ̊C) 
Oxygen 
permeation flux 
(mL min-1 cm-2) 
Enhancement 
factor 
References 
 
LSCF LSC214 950 0.61 0.7 Han et al., 
2016 
LSCF HCl acid-
etched 
850 0.35  Wang et al., 
2009 
LSCF BSCN 900 0.6 2.5 Han et al., 
2014 
LSC-a LSC214 850 0.4 6.7 Present 
work 
LSCF Ag 900 0.62  Tan et al., 
2008 
LSF LSC214 850 0.08 1.5 Han et al., 
2015 
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LSCF Pd 850 0.8 3.5 Yacou et al., 
2016 
LSC-a LSC214 900 0.6 2.5 Present 
work 
 
Fig. 8 displays the temperature-dependent enhancement factors of oxygen permeation fluxes for 
three different cases, i.e., the LSC-b relative to the LSC-a, the LSC214-decorated LSC-a relative to 
the LSC-a, and the LSC214-decorated LSC-b relative to the LSC-b at the constant air feed flow rate 
and helium sweep gas flow rate of 100 mL min-1. The first case illustrates the macrostructure effect 
while the remaining two cases describe the effect of overcoming surface exchange limitation by 
applying LSC214 porous decoration. What is common in all three cases is the fact that the enhancement 
factors diminish with temperature rise from 700 oC to 900 oC due partly to the enhanced bulk-diffusion 
and surface exchange reaction rate at higher temperature (Han et al., 2016). The macrostructure 
difference clearly provided the largest enhancement factor of 46.7 at 700 oC, which is reduced to 3.7 
at 900 oC (Fig. 8 – LSC-b/LSC-a). Applying LSC214 porous decoration provides more effective impact 
in the LSC-a case. The presence of LSC113/LSC214 heterointerface can provide a maximum 
enhancement factor of 25, i.e., one order of magnitude enhancement in oxygen fluxes, at the lowest 
tested temperature of 700 oC for the LSC214-decorated LSC-a relative to the LSC-a. That the 
enhancement factors decrease with temperature in the LSC214-decorated LSC-a and LSC-b cases 
additionally indicates the change in the rate determining step from surface exchange reaction to bulk-
diffusion with temperature rise (Fig. 8). 
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Fig. 8. Temperature-dependent enhancement factors for oxygen permeation fluxes between 700 oC and 
900 oC. The air feed flow rate and helium sweep gas flow rate were both maintained constant at 100 
mL min-1. 
 
The thermal activation nature of the oxygen permeation fluxes between 700 oC and 900 oC can be 
best shown in relation to the activation energies. Fig. 9(a) and (b) display the Arrhenius plots of 
oxygen permeation fluxes for the LSC-a and the LSC214-decorated LSC-a hollow fibers and the LSC-
b and the LSC214-decorated LSC-b hollow fibers, respectively, at the constant air feed flow rate and 
helium sweep gas flow rate of 100 mL min-1. In LSC-a case, the presence of porous LSC214 decoration 
reduced the activation energy by 3.25-fold from 224.10 kJ mol-1 to 69.00 kJ mol-1, which is almost 
identical (within experimental error) with the 2.91-fold reduction of activation energy from 90.15 kJ 
mol-1 to 30.93 kJ mol-1 observed in LSC-b case. These trends are consistent with the previous report 
that shows higher oxygen fluxes at lower temperatures (Han et al., 2016). 
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Fig. 9. Arrhenius representations of oxygen permeation fluxes of (a) LSC-a hollow fiber membrane 
(black) and the LSC214-decorated LSC-a hollow fiber (red); and (b) LSC-b hollow fiber membrane 
(black) and the LSC214-decorated LSC-b hollow fiber (red) between 700 
oC and 900 oC. The air feed 
flow rate and helium sweep gas flow rate were both maintained constant at 100 mL min-1. 
 
3.5. Oxygen permeation stability 
The stabilities of the oxygen permeation fluxes of the LSC-b and the LSC214-decorated LSC-b hollow 
fibers were probed at 900 oC using the air feed flow rate of 100 mL min-1 and the helium sweep gas 
flow rate of 100 mL min-1 over 160 hour-period (6.7 day-period); the results of which are shown in 
Fig. 10. The oxygen fluxes of the LSC-b hollow fiber and the LSC214-decorated LSC-b hollow fiber 
varied slightly around the median values of 1.518 mL min-1 cm-2 and 2.843 mL min-1 cm-2, respectively. 
This highlights the high stability of these hollow fibers for oxygen permeation in normal air 
atmosphere. 
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Fig. 10. Oxygen permeation fluxes of LSC-b hollow fiber membrane and the LSC214-decorated LSC-
b hollow fiber at 900 oC for 160 hour-period. The air feed flow rate and helium sweep gas flow rate 
were both maintained constant at 100 mL min-1. 
 
4. Conclusions 
The synthesis and characterization of two different La0.6Sr0.4CoO3 (LSC113) hollow fiber membranes 
were reported, which was obtained by varying the viscosity of the spinning dope used for phase 
inversion process. The first one, denoted as LSC-a, exhibits sandwich structure where finger-like pores 
(or macrovoids) are present on shell and lumen sides whereas the second one, denoted as LSC-b, 
asymmetric structure where only one array of finger-like proes (macrovoids) is present, which extends 
from the center of the fiber to the lumen side. LSC-a and LSC-b hollow fibers showed oxygen 
permeation fluxes of 0.006-0.419 mL min-1 cm-2 and 0.279-1.525 mL min-1 cm-2, respectively, at 
helium sweep gas flow rate of 100 mL min-1. The higher oxygen fluxes for LSC-b hollow fiber relative 
to LSC-a hollow fiber is due to the more oxygen transport resistive sections for the latter. While 
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applying (La,Sr)2CoO4 (LSC214) Ruddlesden-Popper decoration on the surfaces of LSC-a and LSC-b 
hollow fibers enhanced the oxygen fluxes for both fibers, the enhancements between 700 oC and 850 
oC appear to be higher in LSC-a case. The presence of such decoration manifested into lower activation 
energies for the decorated fibers compared to the original non-decorated ones given the higher oxygen 
fluxes at lower temperatures. Finally, the oxygen fluxes through LSC-b hollow fiber and the LSC214-
decorated LSC-b hollow fiber were shown to be stable at 1.518 mL min-1 cm-2 and 2.843 mL min-1 
cm-2, respectively, over 160-hour period (6.7-day period) at 900 oC using the air feed flow rate of 100 
mL min-1 and the helium sweep gas flow rate of 100 mL min-1. 
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